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A b s t r a c t

‘J’his  paper .givcs m ovuvicw  of  lnicro-guidancx  a~id ccMIi,rol tecl~-
]Iologics  a]lcl iII tltc ])rocess  previews  of some of tllc tcxh]lologics, users
aIId systmns  i s sues  prcscntd  iII the guidwlcc  and co]ltro]  SCAOJI at
the workshol).  WC first prcscl)t a discussion of the advantages of usiIIg
tn~cro guidance  and C.olltrol c.oIIIpc HIcIIts  a]ld thcm detail six micro-
guidancm and co] Itrol thrusts that could IIave a IcvolutiolIary  ilnpact
on space lnissions and systmns.  Specific tccllnc)logics  clncrgi]lg in tllc
micro-guidance and control field will he cxamillcd. ‘JIIICSC tmhnologics
fall into two broad  catcgorics: ]Ilic.]oattitll{le  dctcrmillatiml  (illcrtial
and celestial) and micro-a ctuatio]l, colitrol alId se]lsi]lg.  l’i]lally,  t.lIc
scope of the woIlislIop’s  guida]lcc and control  })allel will h ])rmented.



1 I ntrodudion

l“or this ]Ja}m  wc ddiIIc  ]l-licr(j-g,lli(lallcc  aIId co)ttrol  tcdIIIology  as co]lsistilig
c)f twc) items. l“imt,  it includes ll]icIo-llliI]iatlll’izc(]  guidal]cc  and coIItrol  COIII  -
l)oIlc]Its  a]l(ls~lbsystc]  ]-]s(scIls()rs, actllat401sa  llClccJ]]t]olt:  lcc.tro]]ics).  %cmid,
it i]lcludcs ]Ilicro-guida]lcc  and control arc.llitmturcx  rcalid  by i]ltcgratio]l  of
]]-lic]()-I]lacllillcCl  dcviccs a]]d o]l-c]lip  V]JSl circuits with guida]lcc  aI]d c.c)IItrol
fLlllctions.

As with ~nany  ]Ilic.rotccll]lologics,  micro-guidance al]d co]ltrol  coln])ollc]lts
ancl tcc.hno]ogics  }]avc IIumcrous  advan tages  OVCI tllcir larger coulltcrparts.
‘J) IICSC  advalltagcx  incluc]c  10WCI mass , volu Inc atld  power consu]nption  tha]l
coIII])oIlcIIts  usccl 011 today’s spacecraft. With solicl  state reliability, tllcrc
slIould  bc l o w e r  r i s k  a]]d 11-rorc robustIIcss  to tcmpcraturc  and vil.)ratio]ls.

,- l,owcr costs arc cxpcctcd  with fewer ha~lds IIdcd to haIlcllc  the dcviccs a]ld
wit]] cost  saving potcmtials inllcrcnt  in Lab+ ])roccssing  tcch]lo]ogics.  SoInc
]nicrosystcIns  COUIC1  bc more ca])ablc tlla]l  toclay  ’s larger systcIns  bcc.ausc  tllc
dmrcascd  mass, volume a~ld power co]lsu]n~)tio][ would allow rcduncla]]cy  or
cvcl I ]nassivc  rcclu]]dancy  of colnpo~]cmt,s.

I I I  tl]c Guiclancc  a]ld Cb]trol ScctioI~  a t  J e t  I’ropulsio]l  l,atmratory,  w c
bc]icvc that ]nicro-guida]lcc  a]ld control  tcchnolcgics  call have a revolutionary
i]n])act on space missions and systmns  via i]l Ilovativc  work ill six t]lrust  areas:

1. hflassivcly  distributed microsc]]si]]g  fcm systc~n idcntificaticm arid co~ltrol
to enable space intcrfcro]nctcrs  a]ld large rdlcctors.

2 .  1,igl]t  p o w e r e d  rc]notc ])roccssing  ndworks  for gL]idallcc a])d coIItrol
]I]icrosc]]sing  to c]lablc viable dist]ibutcd  iclc]]tiflcatiol]  a]]d coIltml ar-
cl]itccturcs  nccdcd  to sLI~)port itc]I1 1.

3. h4icro-guidanc.c  a]lcl  c.olltrol co]n])o]lcnt,s  f o r  ]nicrospaccc.raft  a)]d mi-
crorovcrs  t o  cnab]c  csscl]tial  sul}systcIn  fuI]ctiolis.  ‘J’hcsc coIII])oIlcIIts
include ]nicro  sun sensors, cncoclcrs,  star trackers a]ld Inotors.

4. A six dcgrcc  of frccdmn  (accclcratio]l  and attitude) Inicro  inertial ]nca-
surclncl]t  unit for I]lic]c~s]jaccc]aft  a]ld Inicrorovcrs  to enal-r]c  gu idance



and control l)avigatioIl  fullctio]ls.

5. Ac.tivcly  cmIItrollcd  ]I)icro]]-]aclli]lccl  deforInablc;  lnirrors  for adal)tive  rc-
flee.tors to IJrovidc  optical pcrforlna]lcc  ]Iot ~Jresclltly feasible.

6. l’;mbcddd  IIcalth smsing  for  guidance atld  coIItrol  cfl’mtors  to InoIlitor
alId Inanagc lnission  cffcctivcl  Icss aI]d ]ifctilnc.

Some of the emerging micro-guidancm  and ccnltrol  tmcllIlologim that will
sul)port  tlIcsc thrusts arc dcscribccl  iIl t,hc following sm.tioIl.

2 Miuo-Guiclanm  and Conl,rol  Twhnologicx

‘J’his  scc.tion will prcse]lt  aII overview of ])rcsc]lt  a]]cl cIlkcrgilJg  II]icro-guidallcc
aIIcl  c.o]ltrol  technologies from NASA, ~)rivatc  il~dustry  and acadclnia  [1].
SOI I-IC systcvns  and users issum will bc co]lsidcrcd  as W C]]. ‘J’lIc  first  b road
area of tcchno]ogy  to bc c.ovmd  is attitude ddcrmi]latio  I], both celestial .al Id
iIlcrtial.  ‘J’his is an arm wllcrc lnost  of the aclvalltagcs  of 11-liclotccl]I)ol(Jgics
wil l  hold,  with the l)ossiblc  cxcq)tioIl  of Inorc  capabil i ty.  MiclogyI.c)sc.ol)cs,
for cxamp]c, tend to have much highm  drift rates than larger dcwiccs  flyil]p;  011
today’s spacecraft. ‘J’he second broad area mvcrd will bc Illicrc)-actL1a tioll,
cxnltrol and scmsi Ilg.

2.1  Micro-Attitucle D e t e r m i n a t i o n ,  Inertial ancl  CklCs-
ti:d

h4icrofabricatccl  gyroscopes and accclcrolnctcrs  arc IIOW bcillg  dcvdopd  at
tllc Cllarlcs Stark ]Irapcr ],aboratory,  Ca~Ilbridgc,  h4assacl]usctts,  using  batc]l
l)roccssillg  tccllI]iqucs  sllclI a s  }~llotolit}logla~)}ly,  difl’usioIl a n d  ctclli  Ilg t o
carve lncchallica]  parts, l)rapcr  is working  011 thrm distinct clcwices:



1. Gilnballd,  vibrating gyroscopes and force rcbalallcc acc(:lcloII)c:(cls
c.oIIstructcd  fIolI1 bulk silicOI)

2. l’olysilicoIl  surface machind  tuIliIl~; fork  gyroscopes

3 .  Quartz rcsol]ant  accclcroInctcrs and gyrosco})cs

OIIc rcaso]l  l)ral)cr is ])ursui~)g tlIIwc scq)aratc  tecl)Ilologics  is ill })art t o
ICsscll  tlIc  risks associated with mncrgillg tccllI]ologics.

Sat con ‘1’cclIIIology  Cor])oratioIl,  Call ]bridgc,  Massachusetts, is also wolk-
il)!; 011 lnicrogyroscopcs, ill this c a s e  dcctrostatically  sLIspcIIclcxl  lllicrolnc -
C.l)allical  Iatc gyroscol)cs  basccl OII varial:)]c  c.a~)acital)cc lnotors  dcwclopcd  a t
M I’J’. ‘]’hc dcwicc  rcscmb]cs  an clcctrica]ly  sus])cIIdcd  disk and is controlled
to ])rovidc  rate i)lforlnatic)]l. Surface IlliclolIlacllillillg  lithogra])hic  tcclllliqucs
arc tllc proposed fabric  atlo)l  ])rocmscs, all c1 the cvcIltual goal is to develop a
I n i c.rogyroscopc  suspcI  I dcd  ill all six clcgrccx  of fIcccloI n.

Work on gyroscopes is also bciIlg  doIIc overseas by CltC l~crrallti  ill ltd-
ill burg]l,  Scotland, whic]l  is fabricating piczo-electric vibratory aI)gular rate
tralls(luccrs (gyroscopes). ‘J’hcy Inakc usc of a cylilldcr  of radially ])oIccI
])iczo-c]cc.tric  cmamic, nlctal]izcd iI]sidc  aI)d out. ‘1’lIc out,sidc  is cliviclcd into
cig;llt  clcctrodcs  and tl]c  illsiclc is  earthed. ‘J’llc cylil]clcr  vibrates ill OIIC of
two Inodcs,  wit}]  rotation causing a cou})lillg of tllcsc lnodcs  which call bc
detcctcd.  Wit]]  this kind of lnicrodcvicc  wc obtain  t}le killcls  of bcllcfits  listed
car]icr - dccmascs  in size, lnass,  ])owcr c.ollsulnption  ancl cost with illcrcascd
rc] i abili  t y.

At tile J 1’1, hflicrodcviccs  1,aboratory,  IIOVC1 sensor tccll  I)olog;ics  arc l)ci~l!;
dcvdopcd  for lnicro accclcrolnctcs and scismo~ndcrs.  l{,cscarchcrs  at the Mi-
crodcviccs  1 ,abora,tory  IIavc lnadc the crucial ol.)scrvation  that colnpac.tl]css
of dcvic.cs leads to funda IncIltal  physical prob]cms  associated with sensor
sensitivity and noise, including  tl)cmnal  noise. SOIIIC rccmt dcviccs dcvcl-
o])cd lIavc bccII Lascd  011 elcctrol] tul)l)dillg  and llavc  rcxu]tcd ill u l t r ah igh
Scl)sitivity  I]licl.oac,cc]crolI  lctcls  with lnajor  reductions ill Inass, volu Inc al)d
]) OWC1’.



‘1’IIc final  cIIIcrgiIIg  tccllIlology  ilI I I l i c rc ) -a t t i tude  ddcrrniIlatio]l  has to
d o  wit]] c.clcstial  scvlsillf;. (ICA (op t i ca l  ~or})orai,ioll  of Alncrica) AIJ~)licd

O])tics in GardcII Grove, Calii’or]]ia,  IIas dcwclopcd  a suik of mil]iaturc  wide
field of vic}v star t,rackcr  caIllcras. ‘1’llcorig;ina]  clcvicc }vas(lcvclo])cclj oilltjly”
wit]) l,awrmlcc  l,ivcrmorc  hlatiollal  l abora to ry  fo r  IIrilliant  l)cl.)bles and IIas
a field of view of GO dcgrccs. A follow-o]) caIncra  }Ias a 25 dcgrcc field of view
aIId  feat, urcs a [l~lal-lc{l{lll(lallt  calncra  wit]] a 100 lnicroradiall  accuracy, 3 0,
slid  is full-y autonoInous. ‘J’hcsc dcvicc.s arc also lIotwl  for low cc)st, ~nass aIld
]) OWCI’.

2 . 2  Micxo-Actuation,  C;ontro] and S e n s i n g

h4iclotccllllolo  gics have also bccII al)plicd  to the actuation, control and sclIs-
illg;  ful)ctiol)s  that arc iln])ortani  to spacccxaft  and s])ace guidance ancl control
SUbSyS~ClllS.  ]{ CCCI)t]y t}lCIC!  ]lM bCCIl  jOiIlt  WOrk h!tWCCIl  J]’], and ~)~],A 011

~IlicroI)-)ac}lillc(l  dcforInablc  mirrors which c,ould bc used 011 large space illtcr-
fcrolnctcrs  to co]npe]lsatc  for distortiol)s  ill  dcsncnts  of the optical train al~d
ill tllc instru  Incnt’s  field of view.  ‘J’hc  pixc]atcd  ca~)acitivc  lillcar actuator is
tlIc  Iicy microtcchnology  IIccdcd  to produce a higl)ly  pixclatcd  IIlirror  surface
to bc colltrollcc{.  ‘1’lIc actuators could bc IIlol\olitllic. ally  illtcgratcd  with tl~c
lnirror  assembly. l{cscarch  is also being doIIc on tllc lnoclcling  and co)ltrol  of
tl]csc dcviccs.

h4icromac.llincd  scIIsors  arc a  r ap id ly  clcvclopillg  I~]icrotccl)Ilology  t h a t
could  aid guidallcc ancl control SySteIn  So An cxamp]c of this kiI1d of tcc.llIIol-
ogy, being clcvclo])cd  at t}lc Georgia ]I)stitutc  of ‘I’ccl II Iology,  Atlanta  Gcorg;ia,
invo]vcs  q)itaxial  liftoff to fabricate tllill-fillll,  siI1glc  crystal, optical quality
scll)icol]ductor  dcviccs. ‘J’hc tccl~lliquc  mn~)loys  surface rIlicl.olI~acllillillg;  al)d
c})itaxia]  growt}l wit}l sacrif icial  layers such as alulni I)uln arscIlidc.  l)c])o-
sitiol)s  of lig}lt  cIIlittiIlg dioclcs IIavc lJCCII  Inadc  on lI)icrollqacl)iIlc(l  movab le
~)latforIns  yielding l~lic.roo~)toIIlcc}  )allical  dcvicm. llcx tllc potcntia]  exists  for
integrated iI)tcrfcromctric  scIIsors  and stccrablc  and lnovab]c lig;llt  sources.

11’rom  a systems a~lcl users pcrspcctivc,  tlic JohIIsoII  Space CcIltcr, llous-
toll, ‘1’cxas, and the IIoncywcl]  S y s t e m s  and ltcscarc}l  Omter, h4illl)ca])olis,



Mil)llcw)ta,  arc cxa]Ili)liIlg;  lIo\v ]l]icrolnaclli]lcd  seIIsors could l)c usd for \’c-
IIiclc lIcaltlI  ]nollitorillg,. ‘J’lIc llcalt)l  ]]lo]litoring  task wou]d  i]lcludc  IIIaIIIId

s])acc  vchic.lcs. ‘1’llcy  llavc  cxalIlilld  rcquirctnmlts  tha t  vchide  llc.altll llIoII-
itorill~ ])]accs 011 I12icloIIlacllille(l  sensors , illcludil]g  rcquircIIlcmts  ml ~)crfor-
lIIal  Icc, size, lIlass  and fault t,olmallcc. ‘J’lIe  two mltcrs  arc also ,gIa])])lillg
with tl)c  issue of now coin Incrical  aIld )nilitary  scIIsors  c.al) l)C used to Incct
sj)acc systmns  rcquimncnts.

SOIIIC goocl  ovmvicw  work 011 Inicro-guidance aIlcl  coIltrc)l  technologies has
bcml CIOIIC ill the JPI, (;uidaIlcc and Con t ro l  Scdioll,  III ])articu]ar tl]cy llavc
I)otccl that l,unar  allci  hflars explorers, space basccl il)tclfclc)lIlctcrs ancl rc~]lc)tc
scllsil)g  platforIns, wl)ctllcr F;artll  orbiting  or p]andary  flyby  o r  o r b i t i n g ,
COUIC1 bcmcfit  greatly from l]~icIoclcctloxr]  cc}lallical  tcc.hnology.  ‘1’lIcy bclicm
that tllc syllcrg;istic  usc of lllicrolllilliatllIc  scIIsors, V]JSl  lnicroclcc.troll  ics allcl
f ibe r  ol)tic  ]Idworks  will give rise  to IICW .guiclmlcc,  IlavigatioIl  mcl control
ca})abilitics.  Six lnicrotccllno]ogy  ])roclucts  o r  t h rus t s  IIavc bccII iclmltificxl
that  coulc] cIlablc lIcnv gLlidancc aIIcl con t ro l  subsys tems .  ‘J’llmc  wcm listccl
ill tllc introductory scctioll.

3 Guiclance  ancl Control J’ancl Scope

‘1’hc Guiclal]cc  and Control pallcl  will be coIlsidcrirlg  the technologies ])rc-
scntccl  iIl tl)c  previous section as it charts a course for Inicro-guiclallc.c  and
Control tcclmology  Clcvclopmcnt. At the workshop, the ])a]lcl will focus 011
clncrging  IIlicro-guidance allcl c.oIltrol  tccllno]ogics,  users allcl  systmns  issues
wit])

●

tlIc following emphases:

Microdcvicc  .guidmlcc  and co~ltrol subsystcIrls  f o r  s])acccraft  with clIl-
])l)asis 011 colrlponc)lt  tecll)lology,  attituclc  ancl articu]atioll  coIltrol  ancl
IIcalt]l  Inollitoring  alId rccovcxy.

microscmsor  ancl rnicroactuator  clcsigy)  iJlcludillg  e]cctronics,  ~)owcr
aIId iIlforIIlatiol)  processing



,,,

- fal-)ricatioll  tccll  Ilologics  iIlcludiIlg  silic.oll  j)roc.cssing,  lnicrolnacllill-
ill~; al]d tu]l]lcling; tcclIIIology.

distributed arc.llitcdurc  issues inc.ludi]lg  clata llaIldliIIF;,  l)OWCI traIIs
lnissioll  and Inicroscvlsing.

● l’lat,for]ll al)])]icatiolis  will ilIcludc

. . sllapc control for lIIulti-usc  vclliclm  aIId large illstrulnellts  like  ra-
diomdcrs,  and vc}liclc guidalic.c,  navigat ion aIId cmIItrol

systcm  idclltificatioI], IIcaltll  lnoIlitorillp;  aIld rcInotc scllsiIIF;  a])-
~)licatiol]s.

● Sciellcc  missic)n  applications will i]lcludc  systmn idcIltificatioIl,  o])tical
f igure control  for  gIollllcl/s])accl>oll]c:  tc]cscopcs  and illlmfcrolndcrs,
and iIlstrulncnt  ~)oiltti  Ilg/scllsi  II F;/isolatioIl.

4  C o n c l u s i o n

III this }Japcr  wc l)avc briefly mvimvccl  tl)c advantages of usiIlg 7nicro-F;uicla] lc.c

aIId coI]trol conl])oncllts  a]ld arcl]itccturcs  a]ld l i s t ed  s i x  r]-licrotccllI)  oloF;y

tlIILIsts ill guidal]cc  aIId c.oxltrol tlIat could l]avc a rcvo]utio]]ary  i]]]])act

o] I spacecraft and space Inissio]]s. WC also rcvicnvcd  soInc of the mncrging

]I]ic]’o-g\]i(laIlcc  a]ld control tcc,h]lologies. ‘J’lIcsc  tcc.}l]]ologics  il)c]udccl micro-

attitudc  clctcnni]latiol],  inertial aI)d  cclcstial,  a])cl ]nicro-actua.tion,  c o n t r o l

aIIcl m)sinp; . IJi]lally, we included tllc guiclallcc a])d control pancd scope that
will bc used to direct tl]c  cfrorts of the ~Ja]lc] as it crcatcs a, l, CC] II IO]Ogy CIC-

vclopmcllt  plan.

lkf’c?rcmcx)s

[ 1 ]  W o r k s h o p  o,, Micmtccl,],ologics  ancl A],],licatiol,s  to Space Systc,,,s,
Wc)rksl]o~)  Abstracts, Guiclal)cc  aIId Co]ltrol  l’al~cl l)arallc] Scssio]l,  May
’27 aIld 28, 1992, Jet l’rol)ulsioIl  l,aljoratory,  l’asadmla,  C A .


